An analytical model of the fluid/cell mechanical interaction was developed. The interfacial shear stress, due to the coupling between the fluid and the cell deformation, was characterized by a new dimensionless number N fs . For N fs above a critical value, the fluid/cell interaction had a damping effect on the interfacial shear stress. Conversely, for N fs below this critical value, interfacial shear stress was amplified. As illustration, the role of the dynamic fluid/cell mechanical coupling was studied in a specific biological situation involving cells seeded in a bone scaffold. For the particular bone scaffold chosen, the dimensionless number N fs was higher than the critical value. In this case, the dynamic shear stress at the fluid/cell interface is damped for increasing excitation frequency. Interestingly, this damping effect is correlated to the pore diameter of the scaffold, furnishing thus target values in the design of the scaffold. Correspondingly, an efficient cell stimulation might be achieved with a scaffold of pore size larger than 300 mm as no dynamic damping effect is likely to take place. The analytical model proposed in this study, while being a simplification of a fluid/cell mechanical interaction, brings complementary insights to numerical studies by analyzing the effect of different physical parameters.
Introduction
When a fluid flows on a structure, a shear stress is induced at the interface between the fluid and the structure. This interfacial shear stress has been supposed to play a key role in mechanobiology. Indeed, a large number of experimental studies succeed in correlating the magnitude of the interfacial shear stress with cells behavior such as for metabolite production (Frangos et al., 1988) and atheroprotective gene expression profile (Malek et al., 1999) in endothelial cells, alkaline phosphatase activity (Goldstein et al., 2001 ) and intracellular cyclic adenosine monophosphate (Reich et al., 1990 ) in osteoblastic cells, or nitric oxyde and prostaglandin E 2 release in fibroblasts (Pauw et al., 2000) .
Fluid flow is then an important parameter to consider in the development of artificial bone scaffold to favor osteointegration and osteoinduction. In addition to ensuring the transport of nutriment and waste, the fluid motion inside the scaffold also exerts shear stresses on cells seeded in the scaffold that are shown to increase the production and release of TGF-b 1 and other growth factors (Kapur et al., 2003 ; Lau et al., 2006 ; Sakai et al., 1998) . These proteins are essential for the recruitment inside the scaffold of mesenchymal stem cells and for their differentiation into bone forming cells (Huang et al., 2002; Panagakos, 1994 ). An artificial bone scaffold that induces an adequate fluid motion due to mechanical loading is thus likely to enhance its osteointegration and osteoinduction properties. Following these observations, we recently presented an optimization method allowing to determine mechanical and morphological parameters for an artificial scaffold favoring bone formation through mechano-transduction aspects (Blecha et al., 2009) .
On a smaller length scale, the local changes of fluid velocity near the cell membrane may modulate the shear stress. Although, the steady interfacial shear stress is a good measure of the effective mechanical stress exerted by a periodic fluid flow at low frequency, it may be misleading in general. Indeed, the shear stress induced by the fluid flow causes the cell to deform which in turn affects the fluid flow. A coupling phenomenon known as fluid/structure interaction is taking place. As a result of this coupling, the fluid flow and the shear stress at the interface between the fluid and the cells may be very different than the ones of a steady-state condition.
While fluid/structure interaction is widely studied in engineering fields such as aeronautics, it seems that biomechanics has not well considered its impact on the mechanical description of cells stimulated by fluid flow. In the particular case of artificial bone scaffold, it would be interesting to analyze cell mechanical stimulations considering the effects of fluid-structure interactions.
The resolution of a fluid-structure interaction problem is usually performed numerically and does not allow to fully catch the global physics involved in this complex situation. To this end, an analytical resolution of a simplified time-dependent model for the cell/fluid interaction could bring a better insight on the importance of this interaction and hopefully could bring new ideas to be tested experimentally.
In this study and thanks to the analytical approach followed, a novel dimensionless number N fs that we will call the fluid/cell interaction number is defined. Based on the fluid and solid physical and geometrical characteristics, this fluid/cell interaction number characterizes the coupling phenomenon between the fluid and the cells. Its magnitude was found to be an indicator for the magnitude of the shear stress amplification or damping due to dynamic phenomena, which furnishes valuable information to characterize the cells behaviors in clinical relevant situations. In particular, its application to bone scaffold colonized by a layer of cells might help to define a specific pore diameter range that favors cell stimulation.
Analytical model

Configuration
A Newtonian incompressible fluid of dynamic viscosity Z and mass density r f was confined between two infinite plates separated by a distance H (Fig. 1) . One plate was a semi-infinite elastic solid of height h, which represented a monolayer of cells fixed to a rigid wall. The other plate was rigid and was oscillating in the tangential direction at an harmonic velocity n 0 sin o 0 t representing the oscillating fluid flow. The cells, the plates and the fluid were initially at rest.
Governing equations and assumptions
The fluid/cell interaction model was derived from continuum mechanics, together with four assumptions given below. First, the interaction was considered in a one dimension, with time dependency, i.e. the fluid velocity n and pressure p as well as the solid displacement u were assumed to be function of the cross flow direction x 2 and time t: v ¼ vðx 2 ; tÞ p ¼ pðx 2 ; tÞ uðx 2 ; tÞ ð 1Þ
Fluid
The motion of the Newtonian incompressible fluids described by the mass continuity equation together with the Navier-Stokes equations were rewritten after neglecting all external volume forces and defining the dimensionless (stared n ) variables
to the dimensionless form
Re is the Reynold's number and St is the Strouhal number. As a large category of biological fluid flows are taking place at very low Reynold's and Strouhal's numbers
Rer 1 and ReUSt r1; ð4Þ the convective and inertial terms of the Navier-Stokes equations (3) were neglected. However, the assumption Re Á Str1 restricted the domain of validity of the fluid description. In the particular case of this study, the excitation frequency was therefore restricted to
ð5Þ Finally, the fluid equations were
The non-slip condition in x 2 -direction and the no-flow (impermeable) condition in x 1 -direction were assumed at x 2 = H+h:
And, the system was assumed at rest for t =0 which gave the following initial conditions:
Cell layer
The equilibrium of forces in a linear elastic homogeneous isotropic cell layer was described by the Navier equations, which were expressed in terms of the deformation field u
where l and m are the Lamé coefficients. Similarly to the fluid domain, the volume forces were assumed zero in the solid domain, i.e. f=0. Finally, the lower edge of the cell layer was fixed in all translations to a rigid and static wall
and the cell layer was considered at rest for t=0
Fluid-cell interaction
The continuity of forces and velocities at the interface G fs between the two media created the coupling between the cell layer and the fluid. The kinetic coupling between the elastic layer and the fluid was The dynamic coupling was given by the continuity of the stress at the interface s f n f ¼ s s n s 8x 2 A G fs and t 40: ð14Þ where s f and s s are respectively the fluid and the cell stress. The unit normal vector at the fluid-solid interface was denoted by n f resp. n s . The constitutive law of the Newtonian incompressible fluid was (Chevray and Mathieu, 1993) 
and the constitutive equation for the linear elastic medium was written in terms of solid displacement u
Analytical solution
The assumptions applied on the solid (10) and fluid Eqs. (6)- (7) yielded to a one dimensional time-dependent fluid/cell interaction problem. The initial and boundary conditions (8)- (9), (11)- (14) allowed expressing the solid displacement u, fluid velocity v and pressure p as functions of x 2 , t and of the unknown shear stress at the interface t(t). 
Analysis of Eqs. (18)- (19) showed first that t n is always positive for all o 0 , Z, m, r s , h, H greater than zero. Second, the normalized interfacial shear stress t n takes the unit value for o 0 =0 and tends to zero for o 0 -N. Third, no singularities are present in the range of positive excitation frequency. Finally, taking the first derivative of t n with respect to the excitation frequency o 0 showed that the normalized interfacial shear stress has one or two extrema, depending on the value of the dimensionless number N fs defined as
The dimensionless number N fs , that we called fluid-cell interaction number, came out after analysis of the discriminant of the sixth order polynomial appearing at nominator after derivation of (18). For values of N fs smaller than 4/p, the normalize interfacial shear stress t n has one and only one extremum, which is a maximum (Fig. 2a) . In other words, the normalized interfacial shear stress t n follows a resonance-like behavior. The location and magnitude of the maximum depend on three parameters which are H/Z, m and r s , and are independent of the cell height h and fluid density r f .
For values of N fs higher than 4/p, the normalize shear stress has two extrema-a minimum and a maximum. The normalized interfacial shear stress first decreases rapidly towards a local minimum. Then, it increases towards a maximum upper bounded by 1.48 and finally tends to zero for o 0 -N (Fig. 2b) . The magnitude and location of the local minimum depend on three parameters which are again, H/Z, m and r s , and are also independent of the cell height h and fluid density r f .
Results
Application to bone scaffold
The role of dynamic fluid/cell mechanical coupling was studied in a specific biological situation involving cells seeded in a bone scaffold. The typical configuration of bone cells inside a PLLA scaffold pore (Mathieu et al., 2006 ) was estimated from m-CT images of dry constructs (Scanco Medical AG, Bassersdorf, Switzerland). The averaged pore diameter was computed from these images with help of a dedicated algorithm (Hildebrand and Ruegsegger, 1997) . The cell layer that colonizes the pore walls was assumed to have a height h of 20 mm. The fluid and cell layer mass densities were assumed to be similar to water density. Finally, the cell shear modulus was taken from the literature (Caille et al., 2002) . All values used in the model are summarized in Table 1 .
The viscosity of the fluid that stimulates the cells may spread over three to four orders of magnitude. Immediately after implantation, the viscosity of the fluid saturating the pores is of the order of 0.001 Pa s, as culture medium is usually used for the seeding of cells in the scaffold. Then, the fluid viscosity is likely to increase with time as the initial fluid is gradually replaced by the peri-implant fluid that has a viscosity similar to bone marrow (0.01-1 Pa s (Bryant et al., 1989; Luppe et al., 2002) ). Consequently, the dimensionless number N fs is likely to vary with time.
In particular, a scaffold corresponding to the description of Table 1 would exhibit a dimensionless number N fs higher than 4/p for fluid viscosity greater than 0.22 Pa s. In this case, the dynamic shear stress at the fluid/cell interface is damped for increasing excitation frequency (Fig. 2) . For instance, the shear stress damping due to a viscous fluid of 1 Pa Á s was computed to be 1% at 50 Hz and to reach 32% at 1 kHz.
On the other hand, a low viscous fluid inside the same artificial bone scaffold was computed to amplify the interfacial shear stress. For instance, a culture medium that has a viscosity of 0.001 Pa s was computed to induce a maximal amplification of 111 times the steady shear stress at resonance frequency of 8.8 kHz (Fig. 3) . However, the shear stress amplification was computed to be less than 2.6% for excitation frequencies less than 1 kHz. Consequently, the shear stress amplification due to the dynamic coupling of a low viscous fluid and cells is likely to be small in the range of frequencies to which a person may be subject.
Indeed, a frequency range between 0 and 1 kHz is often considered to encompass most daily and manual activities such as car driving (1-60 Hz) (Paddan and Griffin, 1998) , pneumatic drill or tools in assembly lines (1-200 Hz) (Joshi et al., 2006) or at the extreme of the spectrum chainsaw-induced vibrations (0-1 kHz) (Aatola, 1989) . These activities can generate a steady-state mechanical stimulation in the body. In case of transient mechanical stimulation following a shock or an impact, it is common that very high frequencies are generated such as for example following the initial ground reaction force during gait, which can reach 400 Hz (Gillespie and Dickey, 2003) . The corresponding transient stress wave can travel up throughout of the skeletal structure of the body (Whittle, 1999) and affects then the bone scaffold. In this range of frequencies (0-1 kHz), the scaffold pore diameter could play a central role in the modulation of the cell stimulation. Although the fluid/cell interaction had negligible effect on the modulation of the interfacial shear stress for N fs values less than 4/p, it was computed to have an important damping effect when N fs was greater than 4/p. In this particular case, the mechanical stimulus on the cells was found to be increasingly damped at frequencies greater than 13 Hz in a scaffold with 50 mm pore diameter (Fig. 4) . The normalized interfacial shear stress at the fluid/cell interface was computed to be 63% of the steady-state shear stress when stimulated at 100 Hz and was only 4% at 1 kHz. However, the damping magnitude decreased rapidly with increasing pore diameter and was negligible in the frequency range of 0-1 kHz when the scaffold pore diameter was larger than 300 mm (Fig. 4) . This suggests that a more efficient cell stimulation might be achieved with a construct of pore size larger than 300 mm as no dynamic damping effect is likely to take place.
Discussion
This study focused on the dynamic phenomenon that might modulate cell stimulation embedded in a bone scaffold. The theoretical approach identified a dimensionless number N fs that indicated whether the interaction amplifies or damps the dynamic shear stress at the fluid/cell interface. Pore diameter was found to impact the dynamic coupling phenomenon between the cells attached to the pore surface and the surrounding fluid.
Several studies show that scaffolds with pore diameters larger than 300 mm are likely to induce a better and faster osteointegration than scaffolds with smaller pore size (Chang et al., 2000 ; Karageorgiou and Kaplan, 2005 ; Lu et al., 1999) . Besides purely biological reasons, the fluid/cell coupling phenomenon could also contribute to explain this empirical result. It has been shown that high-frequency mechanical stimulation induces higher bone cell response (Qin et al., 1998 ; Tanaka et al., (Rubin et al., 2004; Stewart et al., 2005) than steady stimulation. The damping of high-frequency stimulation could perhaps significantly decrease bone cell stimulation. Based on the theoretical development discussed in this study, dynamic damping of high-frequency stimulation was computed for scaffolds with pore diameter smaller than 100 mm. On the other hand, it was found that scaffolds with pore size larger than 300 mm are unlikely to damp dynamic stimulation with excitation frequency below 170 Hz. It may thus be hypothesized that scaffolds with pore diameter larger than 300 mm could stimulate more efficiently cells at high frequency than constructs with smaller pore size. Although part of a more complex phenomenon, the mechanical coupling between a cell layer and its surrounding fluid may contribute to explain why scaffold with small pore size are less osteoinductive than constructs with pore sizes larger than 300 mm. The new dimensionless number N fs is a useful and simple indicator of the type of coupling phenomenon that is likely to take place at the fluid/cell interface and of its magnitude.
The model was intentionally kept simple in many aspects. The objective was to highlight the sensitivity to some mechanical parameters. This choice was made in order to obtain an analytical solution and therefore to develop a global understanding of the problem. Considering the fluid/cell interaction in a one dimensional and time-dependent framework disabled to study the effect of the cell height variation and any phenomena taking place in the other dimensions such as travelling wave flutter observed on dolphin skin (Carpenter et al., 2000) . In addition, the assumptions made on the cell's material neglected the viscous effect which may be important in soft tissues (Pioletti and Rakotomanana, 2000) and in cells dynamic responce (Fabry et al., 2001 ). Nevertheless, this study brought new insights to better understand some basic aspects of the fluid/cell interaction phenomenon that may be part of more complex phenomena.
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